In this tutorial paper we discuss the High Energy Transport (HETC)iLight Heavy Ion (LHI)/Spallation Gamma Source (SGS) Monte Carlo radiation transport computer code system, used to transport nucleons, pions, muons, photons, and "light heavy" nuclei with 2 < A < 10 through complex materials and geometries. In particular, we present for the first time in a single place a comprehensive, introductory discussion of HETC/LHI/SGS code physics.
(now both obsolete) have nevertheless been used and updated since the early 1960's. Before 1973, essen- tially all work on the code was done at Oak Ridge National Laboratory (ORNL); since then, however, when a version of HETC was put into the Radiation Shielding Information Center, improvements and updates have been made at other institutions, primarily Science Applications, Incorporated (SAI) and Rutherford Laboratory, in addition to those continuing to be made at ORNL. (See Ref. 5 for a synopsis of code evolution up until 1979 .) It should be pointed out, however, that, despite these improvements and updates, the high energy physics modeling in HET is founded upon the state of knowledge existing in the early 1970 s.
The SGS and LHI codes are recent additions to the code system made at SAI by T. Armstrong and collaborators, LHI in its first iteration havino been developed in the 1978-81 time frame (based on a model for alpha-particle projectiles discussed in 1971 by Gabriel [Ref. 81). The physical modeling in these latter two codes (or, code and one-half) is still being developed, awaiting additions to the currently sparse experimental data (on thick targets) available for use in validation comparisons.
The code system is organized as shown in Fig. 1 . The sequence of physics events associated with this organization is briefly as follows. A high energy particle is "born" at the source (source *By a nonelastic collision we mean either (1) a collision in which there is no particle production and the target nucleus has internally absorbed some of the projectile energy, or (2) a collision in which there is particle production. **See previous footnote. subroutine), traverses the physical system (input geometry and materials) undergoing various nuclear and atomic interactions (HET,{HI), and then--along with any other particles to whose creation it may have led--is terminated relative to HETtHI through system escape or other physical processes. Neutrons so terminated because of reaching the low energy cutoff limit (an artificial "death" due to code structure [see subsection II.1] rather than any real physical process) are transferred to MORSE, and residual nuclei information is transferred to SGS for gamma-ray production; this gamma production information is subsequently transferred to MORSE. The low energy neutrons then continue, and the photons then begin, their traversal through the physical system until terminated relative to MORSE.
It is our intention in the sequel to discuss the physics involved at each stage of the calculation. We will not discuss code system operation; this information may be found in Refs. 4 and 9-11. Nor will we discuss comparisons with experiment; such comparisions are readily available in most of the references cited herein. In particular, see Ref. 5 for a compilation of papers which present comparisons of calculations and experiments in various technical areas (e.g., space radiations, radiobiology, dosimetry, and accelerator shielding).
The plan of this paper is as follows. The second section treats the HET code. In the first subsection, the source particles are discussed. Then, because particles other than allowed source particles are considered in the code, nonsource particles (so-called "other particles") are discussed in the following subsection. Next, discussed in some detail, are the nuclear and atomic interactions that the code modeling allows particles to undergo.
(Readers who prefer more detail are referred to the referenced literature. This paper is only introductory.) Finally, the last subsection discusses particle termination, i.e., how the particles "die" in the code. The LHI "half-code" is treated in the third section. As for HET, the source particles and "other particles" are discussed first. Then, in the next subsection, the LHI model (i.e., the model of the light heavy ion itself) and the LHI nuclear and atomic interaction models are discussed. Finally, the LHI section ends with a subsection on particle terminations.
In the fourth section, the SGS code is treated. Since this code deals only with one particle type, photons, and since photons are transported only by MORSE, the only discussion needed here concerns the details of the gamma-ray production model.
Finally, the fifth section presents some observations on possible improvements to the code system.
Note that when the source consists only of protons and/or neutrons with kinetic energies ,S 350 MeV (roughly the pion production threshold for nucleons on nuclei), then pions and muons are not present in any of the physical processes occuring in the problem. Hence, the reader whose problems involve only such sources will not be concerned with information pertaining only to these latter particles.
II. HIGH-ENERGY TRANSPORT (HET)
This section treats HET code physics. General references are 5, 9, and 12-14. Additional references, giving more detail in specific areas, are given in the appropriate subsections. Note that some statements in this section covering deuterons, tritons, He 3's and alphas apply only to HET and not to HET/tHI. Precisely how the statements concerned need to be modified in order to hold true for the latter code is the subject of Section III.
1. THE SOURCE PARTICLES.
The source particle types allowed are neutrons, protons, positive and negative pions and positive and negative muons. (Neutral pions are allowed as source particles in principle, but physically "die" essentially the instant they are born, so the code does not bother to transport them.) The initial position and direction of any given source particle are arbitrarily specifiable. The allowed kinetic energies are given in Table 1 . 
OTHER-PARTICLES.
In addition to the allowed source particles mentioned above, several other particle types are considered in HET, all of them being direct or indirect 1133 products of nuclear reactions; however, these are not further transported. This is in marked contrast to the source particle types, which (in addition to being producible at the source) are also allowed to be produced in The struck nuclei allowed are those with A 1 or A > 5 (i.e., deuterium, tritium, He3 and He4 are not allowed as media materials) and it is convenient to discuss these two situations, A = 1 and A > 5, separately. In addition, the HET treatment for each of these two situations depends upon whether the incident nucleon/pion has kinetic energy less than or greater than Ec of Table 1 (3.5 GeV for nucleons and 2.5 GeV for pions). The necessity for these divisions based upon A and E is a direct result of the INCE model used by HET to describe nonelastic collisions, but which is inapplicable for E > Ec and
In summary, then, the discussion of nuclear collisions is divided into four cases:
A > 5, Ex < E < Ec ; and A > 5, EC E < Eh (For protons, EX is to be read as the nuclear low energy cutoff.)* (1) Collision Model.
(a) A = 1. In this situation, the struck nucleon is in fact a proton, and experimental free-free nucleon-on-proton and pion-on-proton elastic and inelastic total and differential cross sections are used directly. (Of course, fits to these data are made to infer cross sections at nonexperimental points, and assumptions are made to infer cross sections from theory in regions where there are no experimental data. For detailed discussions of these issues, start with Refs. 12 and 19.) 1. EX < E < Ec. For nucleonproton collisions, elastic scattering and single and double pion production are taken into *For E < EX, particles cease to undergo nuclear interactions: pions are terminated forever, neutrons are terminated relative to HET, and protons continue to undergo atomic interactions until their energy reaches aEp vihereupon they, too, are terminated x forever (see subsection II.4). account*, while for pion-proton collisions, elastic scattering, single pion production and chargeexchange** are considered.
Since for nucleon-nucleon inelastic collisions, one accounts only for single and double pion production, and since the threshold for production of more than two pions in such collisions is roughly 3.5 GeV, the modelina discussed in the previous paragraph is valid only for incident nucleons with kinetic enerqy less than 3.5 GeV.
Similarly, since for pion-nucleon inelastic collisions, one accounts only for single pion production, and since the threshold for production of multiple pions in such collisions is roughly 2.5 GeV, the modeling discussed in the previous paragraph is valid only for incident pions with kinetic energy less than 2.5 GeV.
2. Ec < E < Eh. To treat collisions with hydrogen nuclei of incident nucleons and pions having energies greater than Ec, additional modeling, valid in such an energy regime, must be introduced. HET uses parametric fits to experimental differential cross section data for elastic collisions, while inelastic collisions are treated using both experimental data for total inelastic nucleonon-proton and pion-on-proton cross sections and analytic fits to other experimental data as input to a calculational method that takes into account multiple pion production (> 2 for incident nucleons and > 1 for incident pions).
(b) The INCE model for nonelastic collisions is based upon the premise that, at sufficiently high energies (a few tens of MeV), the interaction of a nucleon or pion incident upon a complex nucleus can be treated as the interaction of the incident nucleon/pion with the individual nucleons of the nucleus. This premise holds because the de Broglie wavelength of the incident particle is comparable to or smaller than the average distance between the nucleons within the nucleus.
A nonelastic collision is modeled to take place in two successive stages (Fig.  2) . In the first stage--the intranuclear cascade--the incident nucleon/pion initially interacts with a single nucleon inside the target nucleus, oblivious to the presence of the other nucleons inside that nucleus,*** creating collision products (p,n,7±,T0).
For nucleon-nucleon collisions, elastic scattering and single and double pion production are taken into account; and for pion-nucleon collisions, elastic scattering, single pion production, and 2. Ec < E < Eh. As in the case of A = 1, the upper limit on multiple pion production allowed in the INCE model requires that additional modeling be introduced in the present situation (A > 5) as well to account for collisions involving incident particles with E > Ec. Briefly, the method used here is to apply scaling relations for energy, angle, and particle multiplicity to extrapolate to higher incident particle energies the results obtained from INCE for nucleons having kinetic energy of 3.5 GeV and pions having kinetic energy of 2.5 GeV. This extrapolation is constrained to be consistent with the sparse experimental data available. Further details are in Ref. 12. (2) Nuclear Model. In order to describe the interaction of a nucleon or pion incident upon a nucleon within a nucleus to the level of detail required for particle transport, one must specify spatial, momentum, and potential energy distributions for these nuclear nucleons. HET assigns these distributions as follows (Ref. 22) .
The nucleon spatial density distribution inside the nucleus is represented as a three-region step-function of radius, corresponding to a central sphere and two surrounding spherical annuli, with the magnitudes of the constant neutron and proton densities in each region chosen to approximate Hofstadter's continuous distribution (Ref. 23) . The region boundaries are the same for neutrons and protons, with the neutron-to-proton ratios in each region being the same as that ratio for the nucleus as a whole. The outer radii r1 < r < r3 of the three regions are those radii at which the monotonically decreasing continuous distribution assumes 90 percent, 20 percent, and 10 percent respectively of its r = 0 value.
The nucleon momentum distribution inside the nucleus is assumed to be a zero-temperature Fermi momentum distribution in each region, i; i.e., fij(P) = ca p2 (j = 1, 2 distinguishing between neutrons an0 protons respectively) with constants cil (resp. ci2) determined such that F iJ fij(p)dp is the total number of neutrons (resp. protons) in region i and pF (resp.pF ) is the momentum of a il i2 neutron (resp. proton) corresponding to the Fermi energy. Note that this energy is dependent upon the nucleon density and therefore different for each nucleon type (j) in each region (i). Consequently, the composite momentum distribution for the entire three-region nucleus is not a zero-temperature Fermi distribution but only "piecewise Fermi."
The nucleon potential energy inside the nucleus is taken to be a constant Vjj in each region, A neutral pion is considered to decay at the place where it is born (since its mean lifetime is approximately 9 x 10-l7 S) to two photons. The details of the decay are computed; however, the photons are not actually created and hence are not subsequently transported.
A positive (negative) muon may decay in flignt or at rest (i.e., when its energy falls below E;) to a x positron (electron) plus a neutrino-antineutrino pair (which is ignored). The details of the decay are computed using the known muon lifetime (2.2 x 106 s); however, the positrons (electrons) are not actually created and hence are not subsequently transported.
c. Atomic Collisions. Energy loss by protons, charged pions, and muons due to excitation and ionization collisions with the atomic electrons of the material media, and scattering of these transported charged particles by multiple scattering centers, are both taken into account in HET modeling. Consideration of these processes serves to modify the trajectory and energy of a transported particle between two successive nuclear collisions, causing an otherwise straight trajectory to be curved and causing the energy at the end of the trajectory to be lower than that at its beginning.
The basic methodology used to compute energy loss for protons is in essence as follows (Ref. 21 ). First, for each medium, the standard Bethe-Bloch continuous slowing down approximation is used to compute the proton stopping power, S(E), of the medium as a function of proton energy. Next, the mean proton range for a proton of energy E is computed according to
R(E) =o dE'/S(E8). In this way, a [mean] range-vs-energy table is
constructed for each medium. To determine the energy loss AE of a proton starting with energy Eo and traveling a distance D in the medium, the energy Ef corresponding to ranoe R(Eo) -D a R(Ef) is determined from the range-vs-energy table for the medium and then AE = Ef -Eo (< 0).
To take into account the effect of range straggling, the procedure in the last paragraph is implemented using not the mean range, but the " straggled range," which for a given energy, E, is sampled from the Gaussian density As was the case for protons, there are two low energy cutoffs for each LHI--one for nuclear interactions and one for atomic interactions. The atomic cutoff is simply aEI f A-EP, where aEP is the proton x A x low energy cutoff for atomic interactions (see Table 1 ).
fE(R) =El/(27r)!2](E) e-[T-R(E ]/a(E)
The nuclear interaction lower limits in Table 2 are derived from those of However, the upper limits in Table 2 do not follow from those of Table 1 , but rather from other considerations associated with LHI particle interaction modeling (see subsection III.2.b). These upper limits amount to roughly 1 GeV/nucleon, and even the adequacy of this number has uncertainty to it (Ref. 24 , p. 162) since enough experiments have not been done to substantiate the theory; hence, we give only one upper limit, rather than both an "adequate" and a " best" upper limit.
It is important to point out that the inultinucleon particles mentioned above are elevated only partially to source particle status in HET/LHI (i.e., they are transported); they do not have full source particle status in the sense of HET. That is, an LHI is transported intact only from the source to the site of its first nuclear collision, but not thereafter. After this collision, the individual nucleons of the LHI continue to be transported individually as in HET but are not correlated with each other, in contrast to the situation that existed before the collision. For example, after the very first nuclear collision in its history of, say, an alpha particle, the alpha particle loses its identity, i.e., ceases to exist as an alpha particle, and is not further transported as an alpha particle. Just after the collision, alpha particles may be emitted from the nucleus (in the evaporation phase), but none of these alphas is identified as the initial incident one; nor, in any case, are any alphas further transported (just as they are not in HET). Also, the two neutrons and the two protons of the incident alpha continue to be transported as four separate entities. b. Other Particles. There are no other particles considered in HET/LHI that have not already been discussed under HET.
PARTICLE INTERACTIONS.
In this subsection we discuss the details of the model used for the LHI and of LHI-nucleus collisions; and we also discuss atomic collisions.
Briefly, the nonelastic collision of an LHI with a target nucleus is modeled as a sequence of successive independent single-nucleon-on-nucleus collisions, there being in the sequence one such collision for each nucleon in the LHI. The single-incidentnucleon collisions are treated by the HET modelinq previously presented. Elastic collisions of LHI's with nuclei other than hydrogen are ignored.
a. The LHI Model. The properties of the LHI that must be specified in order to do transport are: (1) the geometrical arrangement of the nucleons of the WHI (from which may be inferred the position of each nucleon relative to the position of the LHI center of mass), (2) the direction of travel of each nucleon, and (3) the energy of each nucleon.
The LHI geometry is modeled as a line of half length 2.19 (A/2)1/3 fm (for an LHI with mass number A) with [A/2]* nucleons, considered to be points, located at each endpoint of the line and, for A odd, the odd nucleon being relegated to a given end with probability 1/2. So, all the nucleons at a given end have precisely the same spatial location at any given time before collision with a target nucleus. Also, the location of the center of mass of the LHI is taken to be the center of the line. The direction of travel of each nucleon of the LHI is taken to be the same as that of the center of the mass of the LHI.
The kinetic energy of each nucleon of the LHI is taken to be (EK -EB)/A where EK and EB are the kinetic and binding energies, respectively, of the LHI; so each nucleon has the same kinetic energy. b. Nuclear Collisions. Once again, it is convenient to divide -the discussion according to whether A = 1 or A > 5 (with A being the mass number of the target nucleus). The latter case is discussed first.
(1 
PARTICLE TERMINATIONS.
All non-LHI particles considered by HET/LHI terminate in the same way that they do in HET. On the other hand, deutrons, tritons, He3's, and alpha particles (which are considered in HET), and other LHI s with 5 < A < 10 (which are not considered in HET) are treated by HET/1HI as transportable intact until their first nuclear collision. So in HET/tHI, these particles are terminated as follows. If the kinetic energy falls below aEI before the first nuclear collision, the particle is considered to have come to rest; its position, direction and energy are recorded on the event history file. Also, the particle may escape from the system geometry before its first nuclear collision. If, on the other hand, the particle has its first nuclear collision, it ceases to exist intact and is certainly terminated. ( 
